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 Summary 
In the paper it is analysed which countries 
are likely to become the lead markets for 
fuel cells in stationary applications. The 
study is part of a larger research project 
“Policy Frameworks for the Development 
of International Markets for Innovations of 
a Sustainable Economy - from Pilot Mar-
kets to Lead Markets (LEAD)”. In the 
course of this project more than 20 envi-
ronmental technologies were examined 
regarding the regional differences of their 
market introduction and penetration. The 
project aims to explain why some coun-
tries are earlier in the introduction of envi-
ronmental innovations and why the market 
penetration is more encompassing than in 
others. If the technologies of the pioneer-
ing countries diffuse to other countries 
without great modification, they can be 
analysed as lead markets for environ-
mental innovations.  
Fuel cells for electricity generation in sta-
tionary are an emerging technology that is 
still in the stage of development and dem-
onstration. There are several competing 
innovation designs on the market, and it is 
still open which technology is likely to be 
successful. The different technologies are 
described and compared among each 
other, as well as against conventional 
technologies for power generation.  
Three countries can be identified as front-
runners in the development of fuel cells, 
namely the United States, Japan and 
Germany. These countries are analysed 
regarding the R&D policies, the conditions 
for combined heat and power generation 
(CHP), the structure of energy prices, and 
regarding environmental policies that aim 
at internalising the environmental costs of 
energy production. The paper evaluates 
the different activities to stimulate the de-
velopment and market introduction of fuel 
cells from a comparative perspective in 
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As part of the research project “Policy 
Frameworks for the Development of Inter-
national Markets for Innovations of a Sus-
tainable Economy - from Pilot Markets to 
Lead Markets (LEAD)” more than 20 envi-
ronmental technologies were examined 
regarding the regional differences of their 
market introduction and penetration (see 
Beise, Blazejczak et al. 2003 for a com-
prehensive overview on the project). The 
core question is: Why are some countries 
earlier than others in the introduction of 
environmental innovations? The studied 
technologies include, among others, en-
ergy technologies such as photovoltaic, 
wind energy, fuel cells for stationary en-
ergy generation, chemicals such as substi-
tutes for CFCs, cadmium, phosphate in 
detergents, automobile technologies, e.g. 
energy efficient motors, catalytic convert-
ers for exhaust gas, fuel cells for mobile 
applications etc. We studied both historical 
cases of innovation and diffusion as well 
as ongoing processes.  
There are considerable differences in the 
rate of adaptation of innovations among 
different countries. Some countries are 
earlier in innovation and market penetra-
tion is more encompassing than in others. 
If the same innovations are adopted sub-
sequently without great changes in other 
countries, the countries where the first 
market introduction took place can be 
characterised as lead markets. The con-
cept of lead markets has been developed 
and fruitfully applied for non-environmental 
innovations. Examples of lead markets for 
such technologies are mobile phones in 
Finland, the fax in Japan or the internet in 
the USA (Beise 2001). These markets are 
characterised by the fact that product or 
process innovations that are designed to 
meet local demand preferences and condi-
tions can be introduced and successfully 
commercialised without many modifica-
tions in other regions as well. The country 
of origin of an innovation can be defined 
as the core of the world market where lo-
cal users are early adopters of a technol-
ogy that later diffuses on international 
scale (Beise 1999).  
Our studies reveal, that there are many 
examples of lead markets for environ-
mental innovations as well. The history of 
environmental protection is rich in exam-
ples for lead markets: it encompasses the 
legally enforced introduction of catalytic 
converters for automobiles in the United 
States, desulphurization technologies in 
Japan, the Danish support for wind energy 
or the CFC free refrigerator in Germany. 
Another example is the global diffusion of 
chlorine-free paper, from the political ac-
tivities by Greenpeace and the EPA in the 
United States, via the introduction of chlo-
rine-free paper whitener in Scandinavian 
countries and various Greenpeace cam-
paigns in Germany and Austria, right 
through to effective political market inter-
vention in Southeast Asian countries like 
Thailand. By this campaigning of Green-
peace environmental friendlier technolo-
gies for paper production diffused world-
wide (Mol and Sonnenfeld 2000, Beise, 
Blazejczak et al. 2003). The latter case 
shows that political action that stimulates 
internationally successful innovations is 
not limited to governmental agencies only, 
but that this function at least regarding the 
process of setting environmental objec-
tives may be taken over by environmental-
ists. 
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Lead markets can be depicted by compar-
ing the rate of market penetration in the 
different countries. Diffusion of environ-
mental innovations starts earlier in the 
leading countries and market penetration 
is typically more encompassing than in 
other countries. What are the determinants 
that cause the differences in the introduc-
tion of innovations? What are the charac-
teristics of the leading countries? Is there 
room for manoeuvre for a intentional es-
tablishment of lead markets for environ-
mental innovations?  
From our case studies as well as from 
previous studies we can infer that envi-
ronmental innovations have to be largely 
ascribed to governmental (or – however 
less frequent – to NGO) activities. Envi-
ronmental innovations are not only stimu-
lated by surpassing environmental con-
sumers preferences in a given country, but 
also by special promotional measures, or 
by political intervention in the market 
(Klemmer, Lehr et al. 1999; Jänicke, 
Blazejczak et al. 2000). In case of end-of-
pipe technologies which require additional 
costs without improving the benefits for the 
users, regulatory interventions are even 
indispensable for innovation and diffusion. 
But also in cases of integrated technolo-
gies, with additional advantages in effi-
ciency, policy measures are necessary to 
stimulate innovation and to support diffu-
sion. The under-investment in environ-
mental innovation can be explained by the 
double externality of R&D efforts spent in 
environmental technologies: Alongside the 
spill-over effects that can be observed for 
any R&D activities, efforts in environ-
mental technologies do result in improve-
ment of the environment which again is a 
public good (Rennings 2000).  
Environmental innovations do have an-
other peculiarity that is in turn in favour for 
their international diffusion: They provide 
marketable solutions to environmental 
problems that are usually encountered 
world-wide, or at least in many countries. 
Thus, technological solutions to environ-
mental problems inherently lend them-
selves to adoption in international or global 
markets. 
The specifics of environmental innovations 
are not able to explain the regional differ-
ences in adoption and diffusion of innova-
tions. For this, the framework conditions 
and political strategies in the leading coun-
tries have to be analysed. The depend-
ency of environmental technologies on 
regulatory measures leads to the question 
in how far national environmental policies 
aiming to stimulate lead markets remain 
possible and effective in the context of 
globalisation.  
The analysis of factors that determine a 
leading position of a country with respect 
to a technology should not stop with an ex-
post evaluation. The crucial question is, in 
how far a lead market may be identified in 
the emerging stage of a technology. This 
paper discusses the example of fuel cells 
for stationary applications as an emerging 
market. In the following the different tech-
nologies are described and compared to 
each other as well as to conventional 
technologies for power production. The dif-
ferent fuel cell technologies can be under-
stood as variations in the innovation de-
sign. Countries that are early in the devel-
opment and adoption of innovation de-
signs that later prove to be successful on 
the world market do have advantages as 
lead countries. Therefore, for each of the 
technologies that are under development 
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today, it is analysed which countries and 
firms are the frontrunner.  
Based on a literature survey, several fac-
tors are identified that are expected to be 
in favour of the development and market 
introduction. Among these are favourable 
conditions for combined heat and power 
generation (CHP), a favourable structure 
of energy prices, ambitious environmental 
policies that aim at internalising the envi-
ronmental costs of energy production. In a 
next step, the policy programmes and 
framework conditions in the leading coun-
tries USA, Japan and Germany are com-
pared and analysed on this background. It 
is particularly focused on the patenting ac-
tivities, as well as the governmental fund-
ing for research and development of fuel 
cells in a comparative perspective in order 
to identify countries with advantages in 
R&D. The framework conditions for CHP 
technologies are analysed for each of the 
country. In respect of policies that support 
the introduction of fuel cells, special atten-
tion is given to the question in how far dif-
ferent sectors of policy making are co-
ordinating their activities. In all of the coun-
tries, relevant policies are developed by 
the departments of the environment, in-
dustry, energy, and in the USA also by the 
department of defence. Finally, the paper 
tries to assess the different activities to 
stimulate the development and market in-
troduction of fuel cells from a comparative 
perspective in order to assess respective 
lead market potential.  
2 Innovation designs 
The principle of the fuel cell was already 
demonstrated by W.R. Grove in 1839. This 
technology started to be developed only 
around 1950, first in England, then also in 
Germany and the USA. This research was 
the basis for a NASA development pro-
gram that first applied fuel cells in the 
Gemini Program (1961) and in the Apollo 
Mission (Oertel and Fleischer 2000). Fuel 
cells produce electricity without needing 
the detour using thermal energy. They are, 
like batteries, electro-chemical devices. 
The preferred fuel is hydrogen; due to its 
high reactivity the need for (expensive) 
catalysts is minimized. At present how-
ever, hydrogen is reformed from natural 
gas (which is a process that diminishes 
the environmental advantages of fuel cells 
since CO2 and NOx is released). The 
common oxidation chemical is atmos-
pheric oxygen, due to its ubiquitous avail-
ability.  
Fuel cells can be applied very differently, 
for supplying individual electronic ma-
chines, or for powering of automobiles, 
heating and electricity supply in individual 
homes, and in stationary power stations of 
different sizes in the industrial and public 
energy supply. This case study concen-
trates on the partial market of fuel cells for 
stationary power generation combined 
with the utilization of heat; as part of the 
same project, a further case study of the 
ZEW (Rennings and Beise 2003) is ana-
lyzing the evolving market for mobile ap-
plications in the area for cars. Due to ca-
pacity reasons, the partial market for fuel 
cells that supply heat and electricity to 
homes had to be left out.  
In contrast to conventional power stations 
fuel cells have a high efficiency factor, 
even in the partial load area. The electrical 
efficiency factor is at around 40%, the 
overall efficiency factor when using ther-
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mal energy can be up to 80%. Another ad-
vantage is that there are virtually no NOx 
and SO2 emissions and that the machines 
are very quiet. The introduction of this 
technology is also closely connected to the 
hope that environmental advantages can 
be realized when compared to conven-
tional power stations. Furthermore, they 
are seen as being a bridging or transitional 
technology for the introduction of hydro-
gen-based energy systems, synthesized 
with the help of solar energy.  
In the last few years, the first efforts aim-
ing at a commercialization of fuel cells 
were undertaken mainly in Japan and in 
the USA. Here PAFC fuel cells were used 
(these models are described in more detail 
below). Research and development efforts 
as well as first demonstration installations 
will also lead to further advances with 
other models.  
Fuel cells are classified by the type of 
electrolytes used, as well as the by proc-
essing temperature. Commercial chances 
are given to the 4 types that are intro-
duced below (Phosphoric Acid Fuel Cells 
(PAFC), Proton Electrolyte Membrane 
Fuel Cells (PEFC), Molton Carbonate Fuel 
Cells (MCFC) and Solid Oxide Fuel Cells 
(SOFC)). The various cell types differ ac-
cording to the operational temperature and 
the requirements for fuel pureness. Re-
garding the requirements for the fuel 
MCFC and SOFC cells have a advantages 
compared to the PAFC and PEM cells. Not 
portrayed are the Direct Methanol Fuel 
Cells (DMFC) that can be used for small 
consumers as well as in mobile applica-
tions up to about 50 kW and the Alkaline 
Fuel Cell (AFC) that had its first use in 
space projects but also has special re-
quirements when it comes to fuel pure-
ness. The further development of this cell 
type was stopped (Hirschenhofer, Stauffer 
et al. 1998).  
A variety of different industrial sectors is 
taking part in the development and the 
manufacturing of fuel cells; these are 
chemistry (membranes, gaskets), ceram-
ics (membrane, electrodes), catalysts, 
metal/carbon (bi-polar plates, corrosion 
protective films), process technology (heat 
exchangers, compressors, amongst oth-
ers), electrical engineering, mechanical 
engineering, power installation construc-
tion (cell stacks, systems) and the elec-
tronics industry (portable applications).  
Even though there were comprehensive 
research and development activities going 
on in these industrial sectors, it seems un-
realistic that market forces alone will be 
able to force a large-scale introduction and 
use of fuel cells. Conventional technology 
for energy conversion has been tested and 
is available; the fuels for heat and power 
generation for these technologies are rela-
tively cheap. Without further incentives or 
dramatic changes in the availability of fos-
sil fuels, it cannot be expected that in-
vestments will be made into the barely 
even tested fuel cell technology (Depart-
ment of Energy 2003). The main barriers 
are the high costs and risks that have to 
be taken to reduce the costs of this tech-
nology to a competitive level compared to 
conventional technologies.  
For the industrial and public power supply 
that is being discussed here, it seems that 
high temperature fuel cells (MCFC and 
SOFC) are most suitable. These, though, 
are still in the early stages of development. 
Their performance spectrum ranges from 
capacities with few kW to several MW 
thereby covering micro gas turbines and 
motor CHPs all the way to combined cycle 
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power stations. Since the start of devel-
opment in the 1960s there are now 650 
stationary systems installed globally with 
an output level of over 10 kW each. As 
much as 65 of these were installed in 2003 
(Cropper, Geiger et al. 2003).  
Figure 1: Cumulative Number Stationary 
Fuel Cells > 10 kW 
 
Source: Cropper 2003 
Most facilities, according to this source, 
can be found in Japan, closely followed by 
North America. In Japan research and 
testing has been strongly supported by 
government agencies since the early 
1980s. The gas companies of Tokyo and 
Osaka have installed the world’s largest 
demonstration units.  
Figure 2: Regions of Operation 
 
Source: Cropper 2002 
Most of the installed units, are US made 
units described in more detail below. They 
have been constructed and sold since the 
start of the 1990s as a limited series. In 
the USA the market launch was supported 
by a subsidy program launched by the 
Department of Defense (DoD). 
Fuel cells compete with established tech-
nologies, e.g. gas and steam combined 
cycle gas turbines (CCGT) cogeneration 
plants, that have an equal efficiency at 
least in the full load area and are meeting 
existing emission standards. In the low 
output sector motor-driven combined heat 
and power plants (CHPs based on internal 
combustion engine) are already on the 
market and micro-turbines are being de-
veloped. In order to be able to compete 
against these technologies, the price for 
fuel cells must be greatly reduced and 
long operation times must be proven. The 
German Federal Ministry of Economics 
(BMWi 2001, p. 47), responsible for en-
ergy policy, can be quoted with a require-
ment of €1250/kWel and 40,000 hours of 
operational use of fuel cells to become 
competitive compared to conventional en-
ergy technologies.  
As with all CHP technology, assumptions 
regarding competitive prices for the instal-
lations strongly depend upon the expected 
electricity credit given. Due to deregula-
tion, the decrease in electricity prices re-
duce the incentive to invest in CHP instal-
lations, thereby also in fuel cells.  
In the following, the different technologies 
that are actually applied for stationary 
power production are briefly described in 
particular regarding their market potential 
and the companies that focus on their de-
velopment and market introduction. These 
technologies represent the different inno-
vation designs. It remains an open ques-
tion, which of these innovation designs will 
successfully compete against conventional 
energy technologies. The development ac-
tivities vary in the countries in respect to 
the different technologies. Hence, coun-
tries that are able to concentrate on tech-
nologies that are successful on the market 
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later, have advantages as lead markets. 
Therefore, as a first step a brief descrip-
tion of the technologies is given as well as 
an overview on the main companies that 
are involved in their development.  
2.1 Phosphoric Acid Fuel Cell (PAFC) 
For stationary use, the development of 
Phosphoric Acid Fuel Cell (PAFC) started 
in the 1970s and installations designed on 
the basis of this technology have been 
commercially on sale since 1992 (Oertel 
and Fleischer 2000, p. 31; Brown and 
Jones 1999, p. iv). Up to recently, the US 
company ONSI had a ready-to-be-
connected module PC25C on sale with an 
output performance of 200 kWel. Addi-
tional companies that will have similar 
technologies on offer in the future are Fuji, 
Mitsubishi and Toshiba. At the moment the 
latter are concentrating on the Japanese 
market. According to other sources, Japan 
is even leading the use of such technology 
(BMWi 2001, p. 44, BINE 2000). However, 
most of the installed units are of the US 
made type. All in all, 200 units of this type 
were set up globally; of which about half 
are still in operation. The installations were 
taken off the grid after a mean lifetime of 
30,000 operational hours. During their life-
time, the electrical efficiency factor sank 
from 40% to 30-35% (Simader and Heis-
senberger 1999, p. 26). In Germany alone, 
15 units were installed, of which 10 are still 
in operation. 30 units were installed and 
put into operation in the US military sector. 
The disadvantages that are stressed are 
that investment costs are higher than with 
conventional motor CHP and that starting 
the utilities is a complex and time consum-
ing task and therefore this technology is 
appropriate only for base load operation 
(Simader and Heissenberger 1999, p. 24 
f.). Investment costs are stated as being 
USD 3000/kW (Department of Defense 
1998, p. 3). By manufacturing in mass 
production a reduction to about $1300/kW 
is thought possible (Dienhart, Nitsch et al. 
1998; Brown and Jones 1999). 
Another disadvantage is that the installa-
tions have to be kept at a temperature of 
between 40-50°C even when idle in order 
to avoid an over-crystallisation of the elec-
trolyte (BINE 2000). Furthermore, special 
requirements have to be adhered to vis-à-
vis the nitrogen concentration of the gases 
used (BMWi 2001, p. 44).  
In Japan, Fuji has PAFC units commer-
cially on offer since the end of the 1990s 
and they were realized as CHP installa-
tions repeatedly in the past decade. In the 
recent past, additional installations have 
been constructed that use biogas as a fuel 
(Homma 2000). In India the development 
of a stack by Bharat Heavy Electric has 
been underway since the end of the 1980s 
(Cropper 2002). Proton-electrolyte-
membrane fuel cells (PEFC, PEM) Proton-
electrolyte-membrane fuel cells (PEFC, 
PEM) fuel cells were first developed in the 
1960s; the reliability however was much 
lower than that of alkaline cells1. Only in 
the 1990s new impulses were provided 
with the introduction of new membrane 
types (Oertel and Fleischer 2000, p. 31). 
In contrast to the high temperature cells 
described below, the low processing tem-
peratures of about 80°C allow for, a swift 
                                                
1 Alkaline fuel cells have been the first cell type; 
they were developed for application in spaceships 
by the NASA and were used in the Gemini pro-
gram in the early 1960s for the first time.  
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operational start of the cell and quick load 
changes. The cell type is especially suit-
able for mobile applications as well as for 
small home units. Additionally, there are 
developments in the capacity range of 
more than 100 kW. With the considerable 
cost pressure on fuel cells in mobile appli-
cations there is also the hope that, for this 
type, larger cost cutting potential can be 
achieved for stationary applications 
(Theenhaus and Bonhoff 1999).  
The low operational temperature does 
have the disadvantage that no processing 
steam can be won. A cost cutting potential 
is seen to be the reduction of the used 
platinum (BINE 2000). The CO content in 
the used fuel has to be limited to 10-20 
ppm, a higher concentration would destroy 
the cells (BINE 2000). In order to stay 
within this limit, the hydrogen won from the 
reformation process has to be cleaned of 
CO.  
PEFC and PEM with a size of 250 kWel 
are currently being tested in Can-
ada/Vancouver by the company Ballard as 
well as in Berlin by the BEWAG, in the lat-
ter case supported by European research 
funds from the program THERMIE (Oertel 
and Fleischer 2000, p. 22). The costs for 
this installation are quoted as being USD 
8000/kW (Lievonen, Císcar et al. 2000, p. 
65). The installation was delivered by the 
Canadian firm Alstom-Ballard. Of the total 
costs of ca. USD 3.5 million 40% are fi-
nanced by EU funds, 10% by Alstom and 
the remaining 50% by the participating 
electricity supply companies (Bewag, EdF, 
HEW, PreussenElektra and VEAG). Three 
further units of this type were planned in 
the years 2000 and 2001 for the Nether-
lands, Switzerland and Belgium (Pokojski 
2000, p. 399).  
Ballard has been testing units with a ca-
pacity of 250 kW since 1997 and is plan-
ning the development of cells with a per-
formance output of between 100 W and up 
to 1 MW. Other companies that are active 
in this technology sector are Analytic 
Power, Avista Labs, H Power, Plug Power, 
and Northwest Power Systems. The mar-
ket launch of fuel cells that supply homes 
was expected in the near future (Brown 
and Jones 1999, p. 12), the commercial 
sale of the 250 kW power stations was 
announced in 1998 for the year 2002 (Hir-
schenhofer, Stauffer et al. 1998, p. 1-15).  
In 1998 the companies Alstom and Ballard 
announced the construction of a PEFC 
fuel cell plant in Dresden for the year 
2000. There the 250 kW unit that was 
tested in Berlin was supposed to be pro-
duced in series. This decision has been 
deferred to the year 2004. 
Apart from the use in the mobile sector 
and in the already mentioned stationary 
applications, these fuel cells, developed by 
Siemens, are also in operation in subma-
rines (Department of Defense 1998, p. 3). 
In Japan PEFCs with very low capacities 
are being tested in the supply of homes 
(Homma 2000).  
2.2 Molton Carbonate Fuel Cells (MCFC) 
For this cell type a commercial market 
launch is expected first, right after the 
PAFCs. That is why they are also de-
scribed as fuel cells of the second genera-
tion. The operational temperature of 
MCFCs is around 600-650°C. Therefore, 
the heat generated can be used for the 
reformation of the fuel. Furthermore, ex-
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pensive catalysts are omitted and the re-
quirements for the pureness of the fuel be-
ing burned are lower.  
In the USA the Energy Research Corpora-
tion (ECR) and MC-Power are working on 
the commercialization; in Europe and Ja-
pan several companies are pursuing the 
development of this technology: Brandsto-
fel Nederland, Deutsche Aerospace and 
Ansaldo (Italy); MTU Friedrichshafen, Hi-
tachi, Ishikawajima-Harima Heavy Indus-
tries, Mitsubishi Electric Corporation and 
Toshiba Corporation. In 2003 a joint ven-
ture of MTU with the German utility RWE 
was founded, that aims at starting a MCFC 
series production in 2006.  
In the USA the companies Energy Re-
search Cooperation (ERC) and MC-Power 
have realized demonstration projects with 
a capacity of 250 kWel - 1MWel. In Ger-
many there is a unit with a capacity of 280 
kWel capacity that the MTU tested in the 
years 1997-98 in Dorsten as contract work 
for Ruhrgas. The Stadtwerke Bielefeld 
started with the operation of a demonstra-
tion unit in the year 1999 (BINE 2000). 
Another unit in a hospital was started in 
2001 and seven further installations have 
been announced for 2003/04 (Cropper 
2002). The unit, developed by MTU, is 
supposed to radically reduce the costs by 
integrating the system elements in a single 
casing. The costs are expected to be EUR 
1200/kW. (http://www.h2guide.de/projekte/ 
pfs12.html from 2.8.02). MTU is connected 
to the US company Energy Research 
Corp. (nowadays Fuel Cell Energy) by a 
licensing agreement. This company oper-
ated a 2 MW unit in Santa Clara, CA, dur-
ing the years 1996 - 1997 (BINE 2000, 
Brown and Jones 1999, p. 18; Hirschen-
hofer, Stauffer et al. 1998, pp. 1-16). In 
spite of a variety of problems arising of 
operating the unit, the company is plan-
ning a 2.8 MW installation with the same 
technology. The company is also partici-
pating, in cooperation with MTU, in a 300 
kW MCFC unit in Friedrichshafen.  
Fuel Cell Energy is developing a commer-
cial unit with a performance of 250 kW and 
already has a production capacity of 50 
MW/a in the USA at its disposal. By 2004, 
1.5-3 MW units are also supposed to be 
available (Cropper 2002).  
In Japan several demonstration installa-
tions have been set up, including a 1 MW 
unit in the year 1995 that was in operation 
until 2000. MITI and Nedo are planning 
further demonstration units in order to 
support the commercialization process 
(Homma 2000). The development was 
pursued by the company IHI that has an-
nounced two 300 kW installations for the 
year 2002 (Cropper 2002) that is, how-
ever, still under development (Masaaki, 
Nobuyuki et al. 2003). Further units with a 
performance range of 75 kW to 1 MW are 
planned in Japan and the USA (Hirschen-
hofer, Stauffer et al. 1998, p. 1-17).  
The Italian firm Ansaldo is developing 
MCFC units with sizes ranging from 100 
kW to 30 MW. The market launch of a 500 
kW unit as well as a several MW unit is 
scheduled for the year 2005 (Cropper 
2002).  
In comparison to PAFC and PEFC cells, 
MCFC have advantages regarding the CO 
content of the fuel (CO is even used for 
the process in the MCFC procedure) and 
the higher process temperatures that facili-
tate the use of heat energy, e.g. as proc-
ess steam. The disadvantage, though, is 
that the heating-up procedure takes sev-
eral days and that special safety measures 
are necessary because of the highly cor-
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rosive carbonate smelt (BINE 2000). In 
comparison to SOFC cells, described be-
low, cheap material can be used for 
MCFC. 
2.3 Solid Oxide Fuel Cells (SOFC) 
The technological development of this cell 
type is being undertaken in the USA by 
Siemens-Westinghouse, AlliedSignals, 
SOFCo, Technology Management and 
Ztek. In Europe there are 8 companies, in 
Japan 7 and one is in Australia (Hirschen-
hofer, Stauffer et al. 1998, p. 5-1). Sie-
mens-Westinghouse is seen to be the far-
thest.  
The working temperature of SOFC can be 
up to 1000°C and allows for an installation 
concept with integrated reformation and a 
flow-operated gas turbine. In comparison 
to MCFC there are no problems with cor-
rosive materials. SOFC units are planned 
in the sizes 60-70 MWel by Siemens-
Westinghouse. The worldwide first proto-
type was set up 1998 in Arnhem (NL) with 
a performance level of 100 kWel (BINE 
2000; Simader and Heissenberger 1999, 
p. 30) and was moved to Essen (GER) af-
ter a three year period of operation 
(Siemens 2002). A 220 kW Siemens unit 
was put into operation in California. A 320 
kW unit for RWE and a 1 MW unit for 
EnBW and EdF were planned for 2001 
and 2002 (BINE 2000). These planned in-
stallations, just as the one in California, 
are equipped with a flow-operated gas tur-
bine. A commercial 250 kW unit is planned 
by Siemens-Westinghouse for 2003.  
The British company Rolls-Royce has 
been active in the development of SOFCs 
since 1992 and is working on a unit that 
combines an 800 kW SOFC with a 200 kW 
gas turbine. A prototype is planned for 
2004, the commercial launch for 2005/06 
(Cropper 2002).  
In Japan a trial unit with a capacity of 15 
kW that has been developed by Mitsubishi 
and Chubu Electric Power is currently in 
operation. Both companies are planning a 
commercial launch in the year 2004 
(Homma 2000; Cropper 2002). Another 
Japanese company, Electric Power De-
velopment, is working on a 100 kW instal-
lation.  
Concerning the electrical efficiency factor 
of about 50% (resp. 60% when combined 
with a turbine), SOFC power stations are 
comparable to conventional CCGT plants 
with a performance of 100 MW (electrical 
efficiency about 53%). An advantage, 
though, is that this efficiency factor can al-
ready be reached in the smaller units 
(from 100 kW onwards) and in the partial 
load operation, whereas smaller conven-
tional installations of about 1 MW only 
show an electrical efficiency factor of 40%. 
In addition, separating the CO2 in the 
SOFC units is comparably simple as no 
mixing with the oxygen and nitrogen in the 
air takes place. Therefore carbon seques-
tration can be carried out much easier 
(Stimmig, Rzepka et al. 2000, p. 13). Fur-
thermore, the emission of classic air pol-
lutants by SOFCs is much lower so that 
one can speak about “near zero emission” 
in this case (Stimmig, Rzepka et al. 2000, 
p. 15).  
Also for these installations a longer heat-
ing-up time is necessary. The high tem-
peratures impose high requirements on 
the used material (BINE 2000). Regarding 
the projected costs and the efficiency, 
SOFC cells are comparable with MCFC 
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cells. An advantage of SOFC cells is 
above all when they are combined with a 
CCGT power station as is foreseen be-
cause of their higher electricity efficiency 
(Brown and Jones 1999, p. 25). However, 
such a combination is also being devel-
oped by Fuel Cell Energy for MCFC cells. 
Furthermore, SOFC cells, just like PEFC 
installations, though not MCFC or PAFC, 
are being tested in very small units.  
A 1 MW unit that is planned by Sie-
mens/Westinghouse combines a SOFC 
fuel cell with a gas turbine. Thereby the 
fuel cell replaces the furnace of a CCGT 
plant. With this unit, an electrical efficiency 
factor of 60% is expected (Hirschenhofer, 
Stauffer et al. 1998, p. 1-18). In the long 
term perspective (until 2015), installations 
with a performance range of 50-60 MW 
are planned (Simader and Heissenberger 
1999, p. 30).  
A test unit of a hybrid installation with a 
performance level of 220 kW was put into 
operation in the year 2000 in the USA. The 
electrical efficiency was stated as being 
57% (Cirkel 2000, p. 90).  
A further development direction by Sie-
mens-Westinghouse is a “zero emission 
unit” for which the CO2 created is seques-
tered and stored in exploited oil fields. This 
technology is being developed together 
with Shell (Cirkel 2000, p. 91).  
The Siemens-Westinghouse unit is sup-
posed to cost USD 1500/kW (Lievonen, 
Císcar et al. 2000, p. 65). The stack alone 
is quoted with USD 700/kW, the material 
costs, however, are only USD 7-15/kW. 
The major share is constituted by the as-
sembly costs. This hints to a large cost-
cutting potential (Hirschenhofer, Stauffer 
et al. 1998, p. 5-11).  
In the framework of the US government’s 
industry initiative SECA, the development 
of a commercial 5 kW SOFC is being 
strived for, one that can be applied in a va-
riety of sectors. By combining several 
stacks, power stations that have a size of 
several hundred kWs can be planned. 
Through such a standardized cell for a va-
riety of applications, competitive prices for 
the cells are expected to be reached a lot 
sooner.  
2.4 Comparison of the Fuel Cell Types  
Brown and Jones (1999, p. iv) compare 
the characteristics of the different cell 
types that can be considered for use in 
stationary units (table 1). At the same time 
assumptions on the prices and availability 
differ considerably from other sources. 
High temperature cells have several ad-
vantages: firstly, demands regarding the 
fuel purity are low (with the exception of 
pollution by sulphur), secondly, a reform 
process for the separation of hydrogen out 
of the respective fuel can be dispensed 
with as the operational temperatures allow 
for an internal reform process, and thirdly, 
demands of the catalysts being used are 
lower. Whereas with PEFC and PAFC 
platinum is used, for MCFC nickel is used 
and with SOFC perovskite, a substance 
family that describe ceramic crystals. 
These catalysts are much cheaper than 
platinum. A disadvantage, however, is the 
complex cell design and the higher main-
tenance requirements (Hirschenhofer, 
Stauffer et al. 1998: p. 1-5). The reliability 
of high temperature cells during continu-
ous operation could not be demonstrated 
up to now. The development status is re-
stricted to pilot units.  
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Table 1: Comparison of Fuel Cell Technologies 
Fuel Cell Types Characteristics 
PAFC PEFC MCFC SOFC 
Current development stage  Series R&D R&D R&D 
Begin of commercialization  1992 2001 2002 2003 
Market maturity  2005+ 2005+ 2005+ 2005+ 
Expected installation costs USD/kW 1500 1300 1300 1300 
Costs for the replacement of the stacks (USD/kW) 360 220 430 400 
Lifetime of the stacks (hours) 60,000 40,000 50,000 40,000 
Fixed operational costs per year and USD/kW  30 30 8 20 
Variable operational costs USD/MWh 1.4 1.4 2.0 2.5 
Electrical efficiency factor (%) 37 36 52 63 
Total efficiency factor 73 70 82 77 
Usable temperature °F 250 160 1050 400 
Annual availability (%) 97 96 95 86 
(Brown and Jones 1999, p. iv).  
Up to now, about 80% of the installed fuel 
cell facilities are based on PAFC technol-
ogy. However, in 2003 most of the in-
stalled systems were based on MCFC 
technology (ca. 40%), followed by PAFC 
with ca. 35% and PEMFC with 20% 
(Cropper, Geiger et al. 2003).  
It remains, however unclear which of the 
technologies will be actually successful in 
competition with conventional energy 
technologies. The PAFC technology 
seems to be outdated and the recent over-
taking of MCFC installations seems to 
prove this assumption. Regarding station-
ary applications the high temperature 
technologies MCFC and SOFC have ad-
vantages regarding the usable heat. How-
ever, PEM fuel cells might achieve more 
comprehensive learning and scale effects 
because of their utilization in mobile appli-
cations.  
2.5 Comparison of the costs to conventional energy technologies 
Fuel cells are under high cost pressure as 
they, when compared to existing technol-
ogy (combustion engine, conventional 
power stations, etc.), promise little or no 
additional value – the generated electricity 
has the same quality like from conven-
tional generation. It is only if there are ma-
jor changes in the framework conditions 
for conventional technologies in terms of 
stricter emission standards, that fuel cells 
may gain considerable advantages. There-
fore, fuel cells are a substitute product. 
Other advantages include the marginally 
higher fuel efficiency, the slightly higher 
share of output of electricity, and an effi-
ciency level, that is largely independent 
from the work load and the power station 
size, the possibility to use a variety of fu-
els. A disadvantage is the substantial in-
vestment costs. 
Padró and Putsche (1999) compare in-
vestment costs and power production 
costs for different fuel cell technologies 
based on a literature analysis. The re-
search is based on a variety of installation 
sizes ranging from a few kW to up to 100 
MW. Accordingly, for SOFC and MCFC 
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fuel cell system costs of USD 600-1000 
are expected. For stationary PEMFC or 
PAFC units, however, higher costs (USD 
1000-2500) are generally expected. Power 
production costs are calculated to be USD 
0.06 – USD 0.13 per kWh (pp. 17-22).  
There are, however, some niche markets 
already today for which the higher installa-
tion costs seem to be acceptable already 
today. These are mainly applications for 
which a high reliability of electricity service 
is required. Due to the few moving parts 
fuel cells are expected to be a highly reli-
able technology, however, apart from 
PAFC the long term reliability has not been 
proven yet (Pehnt and Ramesohl 2003).  
Furthermore, a considerable rise in the 
share of decentralized power generation is 
expected. Pehnt and Ramesohl (2003) 
quote a study of Allied Business Intelli-
gence which expect a rise from now 20 
GW to 280 GW–350 GW world-wide in 
2011. Another market survey of the Ger-
man based utility RWE predicts a share of 
30% of electricity produced by distributed 
power in Germany in 2015 of which a con-
siderable share is likely to be provided by 
fuel cells.  
2.6 Comparison of Environmental Impacts 
Dienhart et al (1998) compare a PEFC fuel 
cell with a motor-powered CHP and ar-
rived at the result that the fuel saving 
value, depending on the system com-
pared, is between 5 and 15%. In compari-
son to motor CHPs as well as production 
that is uncoupled to the power net, fuel 
cells show the lowest value in nearly all air 
pollutant categories. According to the cal-
culated example given by the authors, in 
order to reach the comparative electricity 
price of a motor-driven CHP plant, the in-
vestment costs should not be above about 
EUR 850/kW. All in all, the authors claim 
that the ecological advantages of fuel cells 
in relation to motor-driven CHPs are not 
clear enough in order for a replacement to 
take place. The cost reduction potential, 
though, for motor-driven CHPs is seen as 
being pretty much exhausted (Bünger 
2000). 
In contrast, a study by the US Department 
of Energy (Department of Energy 2003: p. 
5) highlights the environmental advan-
tages. Here, however, fuel cell power sta-
tions are compared to the currently run 
coal, gas and oil power stations. In com-
parison to an average US power station, a 
natural gas run PAFC fuel cell emits only 
0,2% of classic air pollutants. The CO2 
emissions are quoted as being about 40% 
of the emissions of conventional power 
stations.  
In a more extensive comparison of con-
ventional technologies with high tempera-
ture fuel cells, Dienhart et al. (2000) con-
clude that fuel cells have advantages 
when it comes to the electrical efficiency 
factor, the combined heat and power 
(CHP) coefficient, the partial load behav-
ior, the environmental effects, availability 
and – at least potentially – with regard to 
the maintenance expenditures and load 
change speed. The disadvantages of fuel 
cells are that dual fuel operation (gas and 
heating oil) is not possible and the opera-
tional starting time is a considerable longer 
and much more costly after longer periods 
of shut-down. However, the overall effi-
ciency factor during combined heat and 
power (CHP) operation and the tempera-
ture level of the processing heat are com-
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parable. The competitive investment costs 
for the module (without the connection) 
are quoted as being EUR 700-1050/kW. 
The fuel saving has a positive effect, the 
negative side is the fact that the stacks 
have to be replaced after about 5 years. 
The market in Germany for decentralized 
CHP installations within a performance 
range of 0,1-10 MW is around 500 MW/a. 
Export markets may eventually be estab-
lished with the EU’s objective of doubling 
of the CHP level from currently 9 to 18%. 
In the medium term the integration within 
coal power stations could represent a fur-
ther new market segment. With the up-
coming age-related replacement invest-
ments for power stations with a volume of 
30,000 MWel up to 2010 in Germany, fuel 
cell systems could also profit from the 
promotion of CHPs (e.g. by obligatory quo-
tas for CHP). However, a decentralization 
of power production does not necessarily 
have to rely on fuel cells; this can also be 
achieved with conventional power stations. 
Fritsche (1999) compares different fuel cell 
types with conventional CHPs of different 
sizes and a fuel cell power station with re-
gard to emitted pollutants per 2 kWh ther-
mal output and 1 kWh electrical output. 
The comparative standard therefore takes 
account of the higher heat level of conven-
tional power stations. The author comes to 
the conclusion that fuel cells have the low-
est level for all emitted “classic” pollutants. 
Concerning CO2 , fuel cells are a bit be-
hind (5-10%) the emissions of CHPs. All in 
all, this study sees no clear advantage for 
fuel cells; the much lower air pollutants 
though could be an advantage in areas 
heavily affected by this problem. The eco-
nomic advantage of fuel cell power sta-
tions would only be given when the emis-
sion standards set for conventional power 
stations are tightened and therefore the 
operating costs made more expensive 
(Dienhart, Pehnt et al. 2000). Furthermore, 
fuel cells that are powered by pure hydro-
gen that in turn is produced by renewable 
energies has virtually no emissions. 
2.7 Market for CHP Installations 
The following illustration (see figure 3) 
gives an overview of the percentage of 
CHP-produced electricity in the mid 1990s 
in Europe, which at the same time repre-
sents the market potential for the fuel cells 
discussed here .  
The most promising markets for decentral-
ized CHP installations are expected in 
Germany. These are accounted for with 
2,700 units with a capacity ranging from 5 
kWel to 4 MWel, totaling to a capacity of 
1450 MWel (that is 1,2 % of the overall 
capacity for electricity generation) and a 
growth of 250 MW/a (Nitsch and Dienhart 
1998). Pehnt and Ramesohl (2003) quote 
scenarios of up to 50 GWel for domestic 
CHP utilities until 2020 in the EU-15 coun-
tries and a total of 190 GWel. However, 
the situation has changed dramatically af-
ter the liberalization of electricity markets 
that lead to a decline in investments. The 
future of investments in CHP technologies 
remains unclear.  
Whether fuel cells succeed in taking over 
a larger market share depends on the in-
vestment costs. The competitive costs of € 
700-1050/kW quoted in several studies 
are still relatively far away from the current 
prices. 
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Figure 3: Electricity generation from  
CHP plants 
Germany 


















Source: Nitsch and Dienhart 1998 
The only PAFC unit worth mentioning (in 
terms of output figures) costs USD 
3000/kW, the Berlin PEFC is listed with 
USD/€ 8000, the Siemens-Westinghouse 
SOFC unit was announced with USD 
1500/kW. However, considerable learning 
effects during the early diffusion phase 
can be expected. Based on experiences 
with other energy technologies a learning 
factor of between 0.75 and 0.9 can be as-
sumed (Birnbaum, Dienhart et al. 1999).  
Based on these target values and parame-
ters Pehnt and Nitsch (2000) judge that in 
order to reach EUR 1,000/kWel, a starting 
point with a series production of EUR 
5,000/kWel must be assumed, as well as 
an installed capacity of 5 MWel at the start 
of series manufacturing. Furthermore, a 
cumulative performance level of 700 MW 
is necessary in order to reach the given 
target value.  
Figure 4: Expected learning curve fuel cells 
 
Source: Birnbaum, Dienhart et al. 1999, p. 86 
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3 Political Instruments 
A variety of framework conditions influ-
ence the adoption of the fuel cell (Stolten 
and Höhlein 2000; Department of Energy 
2003, Bünger 2000; Birnbaum, Dienhart et 
al. 1999, Pehnt and Ramesohl 2003). 
These can be differentiated in terms of, 
first, the factors that can be influenced by 
political measures and secondly the rela-
tively static economic and regulatory 
frameworks: 
Political measures in favor of fuel cell in-
troduction framework:  
• At the current stage of fuel cell devel-
opment, that is largely still in the R&D 
phase, incentives for potential users are 
called for, as for example subsidizing 
demonstration projects. Furthermore, it 
is called for further promotion of basic 
research, especially the reduction of 
cost risks for privately funded research. 
In order to achieve a signal effect that 
motivates private actors to invest in the 
development of fuel cells, long-term po-
litical measures are said to be neces-
sary as well as the coherence of the 
measures of different policy sectors. 
Energy, environmental and industrial 
policy makers should not send out con-
fusing and contradictory signals. The dif-
ficult phase of the market launch can be 
overcome through public procurement, 
thereby involving a range of different 
state actors. R&D activities should be 
supported by the inclusion of fuel cell 
technology in training courses at a uni-
versity level. 
• When it comes to the market introduc-
tion, it is called for strategies that pro-
vide a stabilization of the market pros-
pects for fuel cell generated power. Im-
portant factors in this respect is the po-
litical framework for CHP in general, e.g. 
emission standards for CHP installa-
tions, measures for the support and 
promotion of CHPs and tax breaks for 
fuels and the infrastructure for heat us-
age. The conditions for CHP production 
are however still marred by uncertainty 
in most countries. Important in this re-
spect are non discriminatory rules for 
third party access to the power grid, i.e. 
clear, legally secured rules for the feed-
in of surplus electricity and for the pur-
chase of reserve and balancing power. 
The market introduction can be fur-
thered by subsidizing the prices for fuel 
cell generated electricity very much alike 
for power from renewable sources. A 
frequent topic in the literature is the 
need to simplify existing regulations 
(e.g. training and allowing craftsmen to 
connect the gas as well as electric sys-
tems), just as it is necessary to harmo-
nize this on a European level in order to 
allow for the export of the technology. 
This is also valid for fuel and safety 
standards. Furthermore, setting stan-
dards and norms for the operation of 
fuel cells is necessary in order to mini-
mize possible liability risks.  
• Finally, the chances of fuel cells depend 
on the framework conditions for conven-
tional energy technologies. If environ-
mental policies lead to an internalization 
of environmental costs caused by en-
ergy production, the allowable invest-
ment costs for fuel cells are higher. 
However, since the costs of fuel cells 
are today 2 to 10 times higher than con-
ventional technologies, it seems unreal-
istic that such strict measures are ap-
plied which bring the costs of conven-
tional technologies on a comparable 
level. The instruments for such a strat-
egy are GHG taxes, emission trading, 
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stricter emission standards for classical 
air pollutant, etc.  
Static frameworks and trends:  
• There is uncertainty about the market 
conditions for CHP, especially consider-
ing the liberalization of the energy mar-
kets. Even though liberalization at first 
led to a decline in energy prices and 
therefore was an unfavorable develop-
ment for alternative technology, in the 
future liberalization may be favorable for 
decentralized electricity generation be-
cause transmission and distribution 
costs could be saved.  
• Among the various CHP technologies, 
advantages for fuel cells are ascribed 
due to the lower heating requirements in 
buildings as insulation has been im-
proved and the increasing share of de-
mand for electricity compared to the 
demand for heat. By this it is expected 
that the demand for heat is growing 
slower than the demand for electricity.  
• The relationship between electricity and 
gas price is important: the smaller the 
ratio is, the less favorable it is for fuel 
cells. If the difference of prices for each 
kWh of gas is high, there are stronger 
incentives for a production of electricity.  
4 Comparison of Fuel Cell Policies  
4.1 USA 
In the USA the research dealing with fuel 
cells is mainly financed by NASA, EPA, 
DoE and DoD on a federal level. With the 
funding, energy, environmental, industrial 
and military issues and objectives are pur-
sued. Accordingly, a number of different 
state agencies are involved in the support 
of the development and application of fuel 
cells.  
The NASA first developed fuel cells for the 
application in space travel in the 1960s. At 
present it is mainly involved in the devel-
opment of smaller PEFCs that are also be-
ing used in space travel.  
The program of the Department of Energy 
(DoE) is co-financed by the research and 
development activities of industry. The 
share of industry of the R&D expenditures 
is 40%. The support for PAFC was final-
ized, the funding was shifted in 2002 in fa-
vor of MCFC and SOFC technologies. 
Targets of the support are cost reduction 
regarding the materials used as well as 
enlarging the production capacities in or-
der to utilize scale effects (Department of 
Defense 1998, p. 7). A program for R&D 
support for stationary installations with 
high temperature cells was budgeted at 
about USD 50 Mio./a in the mid-1990s. 
The aim of the program is to support the 
market launch of such units, not least ow-
ing to industrial-political reasons. A com-
petitive industry is supposed to be created 
with these grants, using export chances as 
well. For the market launch support, the 
DoE has also, amongst other things, 
worked out national and international mar-
ket analyses. The focus of the program 
was on participating in financing the con-
struction of the demonstration installations.  
The Environmental Protection Agency 
(EPA) is supporting a SOFC demonstra-
tion installation together with the DoE. This 
unit has a performance capability of 1.3 
MW and it is being constructed at an EPA 
laboratory. The construction of the installa-
tion was planned for 1998-99 (Department 
of Defense 1998, p. 8).  
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The Department of Defense (DoD) has 
started, a total of three programs for the 
promotion of fuel cells: (1) the DoD dem-
onstration program which financed the 
supply of PAFC units for military installa-
tions, (2) the DoD Climate Change Fuel 
Cell Program out of which other installa-
tions receive their subsidies and (3) the 
Navy Environmental Quality Program out 
of which a 250 kW PEFC unit for a naval 
base amounting to USD 1.75 million was 
financed.  
Research in the US was initially concen-
trated primarily on the development of 
PAFC units until their market introduction. 
Currently, the focus is shifted on MCFC 
and SOFC units (Brown and Jones 1999, 
p. 8). In the year 1999 a public-private 
partnership for the further development of 
SOFC fuel cells was set up by the De-
partment of Energy. The aim was to re-
duce the costs for this type from currently 
USD 4000/kW to USD 400 within 10 
years. This is supposed to be realized with 
the help of a 3-10 kW block that can be 
flexibly combined with different units and 
produced in larger numbers whereby fur-
ther potential cost-cutting measures can 
be reached. This program is designed to 
help the industry out of a Catch-22 situa-
tion: the price for fuel cells is currently too 
high to allow to sell larger numbers and, at 
the same time, the number of sold units is 
too small to allow viable cost reductions. 
Another objective of the program the reali-
zation of an efficiency factor of 40-60%; 
when combined with steam turbines it 
should go far beyond this mark. The alli-
ance, named Solid State Energy Conser-
vation Alliance (SECA), includes industry, 
research and government agencies. The 
program has been set up to run 10 years 
and the turnover is expected to be USD 
500 million, of which USD 271 million are 
contributed from the public sector. 
Apart from the financial grants, there are 
special regulations for patents on innova-
tions developed within the program 
framework. These patents must be made 
available to the other industrial corpora-
tions taking part in the program for at least 
one year at “reasonable” licensing condi-
tions and have to be offered non-
exclusively. Thereby, the cooperative de-
velopment of a single cell type is sup-
posed to be made possible (Department of 
Energy 2002, p. 20).  
In coordination with the Department of En-
ergy and within the framework of the DoD 
Fuel Cell Demonstration Program, the De-
partment of Defense has installed a total 
of 30 of the ONSI PC-25 as demonstration 
units. Furthermore, in the fiscal year (FY) 
1993 USD 18 million and in the FY 1994 
USD 18.75 million were made available. 
The aim of the program was to stimulate 
growth in the fuel cell industry and to ex-
amine the role of technology for the long-
term energy strategy of the DoD (Brown 
and Jones 1999, p. 27).  
Through an investment support program 
(Climate Change Fuel Cell Program, FY 
95-97), the price of the ONSI installations 
was subsidized from USD 3000/kW to 
USD 2000/kW. Preferential treatment was 
given to those units that were installed in 
the US military sector. About USD 18 mil-
lion were spent for this program (Brown 
and Jones 1999, p. 7; Department of De-
fense 1998, p. 11).  
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4.2 Japan 
The development of fuel cells in Japan 
mainly took place within the frame of pub-
licly financed programs that were under-
taken by NEDO (New Energy and Indus-
trial Technology Development Organiza-
tion). Since 1993 their activities dealing 
with fuel cells are merged in the “New 
Sunshine Program”. The program is con-
tinuing on the support measures initiated 
in 1974. NEDO started with the PAFC de-
velopment support in 1981 and with the 
MCFC technology in 1984. Research pro-
grams on SOFC were initiated in 1989 and 
on PEFC from 1992 onwards (Homma 
2001).  
The so called “Moonlight Project” started 
in 1981, was supposed to run for 17 years 
and had a cash volume of USD 520 mil-
lion. This as well as other energy and envi-
ronmental projects were amalgamated into 
the New Sunshine Project in 1993. In the 
year 2002 the R&D budget for fuel cells 
was nearly doubled from USD 119 million 
to USD 220 million; for 2003 USD 288 mil-
lion are foreseen (Department of Energy 
2003).  
As for the framework conditions regarding 
energy prices, it is worth mentioning that 
the Japanese electricity prices are the 
highest of all OECD states.  
The high costs result from the compara-
tively high capital expenditure for power 
stations (higher costs for land, safety 
standards, compensation for the affected 
communities and an oligopolistic structure 
of the power station providers), higher fuel 
costs that are caused by environmental 
requirements and transport costs, de-
manding safety standards for power sta-
tions, an unfavorable relationship of the 
base and peak load, and finally, due to the 
refinancing of the subsidies supporting the 
use of local coal (International Energy 
Agency 1999).  
Figure 5: Industry Electricity Prices  
1980-1997 
 
(International Energy Agency 1999) 
The step-by-step liberalization of the en-
ergy markets, begun in 1995, in connec-
tion with the market appearance of inde-
pendent power producers, will only have 
an effect on some of these factors. There-
fore, in spite of the price decline that has 
been taking place since the mid-1990s, 
prices will not reach the same level as in 
other OECD countries. 
The market for combined heat and power 
production in Japan has had a favorable 
development since the mid-1990s; there-
fore the necessary regulatory framework 
and infrastructure for fuel cells are avail-
able. However, generating capacity is far 
below that of Germany and the USA.  
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Figure 6: Number and Capacity of CHP Installations in Japan 1980-2002 
 
Source: Japan Cogeneration Center http://www.cgc-japan.com/english/eng05.html  
In Japan, the Tokyo Electric Power Com-
pany set up the world’s largest PAFC unit, 
with a capacity of 11 MW (Brown and 
Jones 1999, p. 7). A 1 MW MCFC unit was 
in operation from 1999 to 2000. Since 
2000, the construction of a 300 kW instal-
lation is being supported and for 2004 the 
operation of a 750 kW installation is 
planned. The grant budget for R&D in this 
technology segment was USD 17 million in 
2002. About the same sum is envisaged 
for SOFC and PEFC development. PEFCs 
are supposed to be developed for both 
mobile as well as stationary applications. 
Altogether USD 156 million have been 
made available for a 10 year program; this 
amounts to four times the amount granted 
up to now (Department of Energy 2003).  
4.3 Germany 
Industrial research activities in Germany 
date back to the 1950s, when companies 
such as Varta or Siemens searched for 
possible applications for alkaline fuel cells. 
In 1982 a 100kW installation was build for 
a military submarine. Daimler–Benz dem-
onstrated the automobile application for 
the first time in 1985 (Geiger 2003). Ger-
many is the leading country regarding both 
the development as well as the installation 
of demonstration plants. About 75% of all 
applications in Europe are located in Ger-
many (Geiger 2003).  
Investing in fuel cells has, besides the 
support for renewable energy, become an 
important focus of the energy policy of the 
federal government led by a coalition of 
Social Democrats and the Green party. As 
part of a national sustainability strategy a 
pilot project “Virtual power station” of the 
German Energy Agency is planned. 
Hereby fuel cells in homes are connected 
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with each other so that they achieve the 
effect of a power station (http://www.bun-
desregierung.de/Themen-A-Z/Nachhaltige--
Entwicklung-,9064/Pilotprojekt-Energie.htm). 
The research grants were also much im-
proved (see below). The amount of the 
grants therefore takes third place after the 
USA and Japan (Department of Energy 
2003, Industry Canada, PriceWaterhouse-
Cooper et al. 2003).  
In mid-2000, all in all 16 fuel cell projects 
were realized in Germany, 14 of these with 
the above described PAFC ONSI units. 
The other two units are a PEM in Berlin 
and a MCFC in Bielefeld. Three of the 
older installations were shut down in mid-
2000. Furthermore, 4 PEM units for small 
homes with 3 kWel were in operation 
(ASUE 2000: p. 16).  
Power production from fuel cells has been 
given privileges by the CHP law that came 
into effect on 1.4.2002. The aim of the law 
is, among other things, to support the 
market launch of fuel cells. For fuel cell 
units that are set up after the law came 
into force in 2002, the network operators 
have to pay a supplement above the 
agreed-to supply tariff for a timespan of 10 
years from the start of operation, amount-
ing to 5.11 ct per kWh. This surcharge ap-
plies to new, small CHP installations. For 
older and bigger installations, lower sur-
charges are envisaged that are also de-
gressive in character. 
In addition, CHP installations are generally 
given preferential treatment by the law 
dealing with the introduction of the eco-
logical tax reform. Since the stage 5 has 
come into force on the 1.1.2003, the law 
excludes energy self-production by units 
up to a capacity of 2 MW from the energy 
tax. Furthermore, CHP operators of instal-
lations with a yearly usage level of at least 
60% are exempt from the ecological min-
eral-oil tax (0.366 ct/kWh for natural gas). 
At a yearly usage level of at least 70%, the 
exemption also covers the regular mineral-
oil tax (0.184 ct/kWh for natural gas)  
The Federal Ministry of Education and Re-
search chose hydrogen technology and 
fuel cells as one of its main focus in its re-
search activities. In this area, about EUR 
110 million in research funds were spent 
between 1980 and 1996. In comparison, 
the public funding for the development of 
fuel cells in the USA was USD 73 million a 
year and in Japan USD 65 million (the fig-
ures are for 1995).  
One interest of the federal government 
was the construction of a pilot and demon-
stration unit, realized by Solar Hydrogen 
Bavaria (Solar Wasserstoff Bayern, SWB), 
together with the state of Bavaria and 
partners in industry. Here a closed solar 
hydrogen system was supposed to be 
constructed, including the use of fuel cells. 
The focus of the grant activities, however, 
was in the area of fuel cells. Between 
1990 and 1996 DM 79 million was spent, 
mainly for the development of SOFC, 
MCFC and PEFC fuel cells. In respect to 
the SOFC technology, the expectation has 
been expressed, that domestic lignite can 
also be used for power generation (BMBF 
1996). 
In the framework of non-nuclear energy 
research that was supported in the years 
2001-2003 by the Federal Ministry of Eco-
nomics and Labour with € 41 million/year, 
fuel cells were one of the main research 
areas (BMWi 2001, p. 31). There is the 
hope that with this technology, a leading 
role can be taken in the world markets for 
climate protection technology and an ad-
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vantage can be achieved in the sector of 
installation construction (BMWi 2001, p. 
56f.). The aim of the research grants is to 
create a competitive industrial sector 
(BMWi 2001, p. 9).  
Recently, the ministries of research and 
education, economy and the environment 
set up a new joint research programme 
(“Zukunfts Investitions Programm, ZIP”) 
that aims to give support for the utilization 
of renewable energy technologies. Be-
tween 2001 and 2003 EUR 65 million were 
granted for projects related to hydrogen 
and fuel cells (Geiger 2003). 
In Germany, high temperature cells are fa-
vored for stationary applications. The de-
velopment of these has been supported by 
the Federal Ministry of Economics and La-
bour since the start of the 1990s. The 
support was concentrated on the devel-
opment of CHPs with an output of 0.2-1 
MW (BMWi 2001, p. 46).  
Wengel et al. (2000) discuss as to how far 
Germany can be seen as playing a leading 
role in the international development and 
introduction of fuel cells. As supportive as-
pects for the stationary employment of fuel 
cells, they list:  
• Experience with support measures with 
broad effect (feeding-in/supply remu-
neration),  
• Willingness of consumers to invest for 
the environment and to invest in private 
owned real estate,  
• A good manufacturing infrastructure and 
well as educated craftsmen, 
• A trend towards a favorable power-heat 
mix,  
• Redevelopment needs in decentralized 
heating units.  
Impediments are:  
• liberalized market with power station 
overcapacity and big suppliers (restric-
tive in the short term, maybe positive for 
FCs in the long term), 
• dense, stable and relatively cheap elec-
tricity network.  
Advantageous for the setting up of a lead 
market could be the high level of demand 
for off grid supply of electricity as here a 
higher willingness to pay exists. Fuel cells 
could be first used in off-grid areas or 
those that need a high level of reliability 
vis-à-vis the operation (hospitals, com-
puter centers).  
From these niche areas, cost-cutting 
measures can be realized using the ex-
perience gained as well as the scaling ef-
fects. Further markets can then be ex-
ploited. Supportive policies that use these 
niches can not be recognized at this stage 
in Germany in contrast to the USA.  
4.4 European Union 
Since the mid-1970s, fuel cell R&D is be-
ing supported (Department of Energy 
2003). The European Union was partici-
pating in 135 research projects between 
1989 and 1999; these had a project vol-
ume of ECU 381 million, of which EUR 92 
million were financed by the European Un-
ion (Bahbout 2000). Between 1995 and 
1998, about € 80 million was spent 
(Lievonen, Císcar et al. 2000, p. 68). In the 
year 2001, the budget was EUR 60 million 
(Department of Energy 2003). With the 
sixth research framework program, a fur-
ther extension of the research activities is 
to be expected. In contrast to earlier re-
search programs, targets for fuel cells as 
well as for the use of hydrogen as an en-
ergy carrier are explicitly named in the 
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main objectives. For the period from 2003 
to 2006, € 50 million a year are earmarked 
for the support of hydrogen and fuel cells 
(in comparison to $256 million in Japan 




The foci of the grants given up to now 
were support for a 250 kW PEFC unit in 
Germany, a 500 kW MCFC unit in the 
Netherlands and the development of 
SOFC stacks. In conjunction with the USA, 
a SOFC/micro-turbine installation with a 
capacity of 1 MW is supposed to be sup-
ported (Department of Energy 2003 ).  
4.5 Canada 
The research grants in Canada in the last 
10 years have been mainly focusing on 
the development of PEFCs. CDN $ 179 
million were spent between 1982 and 
2002 for R&D grants (Industry Canada, 
PriceWaterhouseCooper et al. 2003). The 
company Ballard Power Systems, located 
there, is the leader in this sector and, 
since 1997, joined an alliance with Daim-
lerChrysler and Ford Motors that has in-
vested USD 500-600 million in the devel-
opment of fuel cells. In 2002, Daimler-
Chrysler announced further investments 
totaling USD 1 billion over the next 4 years 
(Department of Energy 2003).  
A recent joint publication by several gov-
ernment agencies and companies wherein 
strategies for the commercialization of fuel 
cells are developed, recommends focusing 
on supporting demonstration projects as 
well as the early stages of market 
launches. This could be supported by pub-
lic acquisition programs, supporting re-
search networks that include scientists 
and developers, and encouraging training 
and the technical infrastructure. Canada 
should, furthermore, take on a leading role 
when it comes to the international stan-
dardization of fuel cells (Industry Canada, 
PriceWaterhouseCooper et al. 2003).  
4.6 Other Countries and International Activities  
Fuel cells have been supported in South 
Korea since 1985. In the period from 1992 
to 2000, USD 20.9 million were spent for 
this. In Australia, the development of 
SOFCs has been promoted since 1992; 
including a USD 15 million grant for the 
development of a 100 kW unit (Depart-
ment of Energy 2003).  
In Italy, the development of fuel cells is be-
ing pursued by the company Ansaldo. It 
has concentrated on MCFC cells and has 
developed a 500 kW unit. Among the 
European countries Italy is second regard-
ing the installed capacity, although far be-
hind Germany (Cropper 2003).  
The International Energy Agency (IEA) 
has, in the framework of the “Implementa-
tion Agreements” in which 15 countries are 
taking part, set itself the target of encour-
aging the international cooperation in the 
development and introduction of fuel cells. 
As part of this program, standards to test 
fuel cells were developed, networks of ex-
perts and international research coopera-
tion were stimulated and market analyses 
were undertaken. This cooperation is sup-
posed to be continued until the year 2003 
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(International Energy Agency 1998; Inter-
national Energy Agency 2000).  
In 2002 a proposal for a World Bank sup-
port for installation in developing countries 
was issued. According to this programme 
up to 2000 USD per kW would be paid. In 
a first stage three demonstration projects 
should be selected, up to  2005 a total of 
5-7 MW of fuel cells were expected to be 
funded (Cropper 2003).  
4.7 Comparison of the Research Activities 
Japan, the USA and Germany are the 
most important countries worldwide with 
respect to research activities. As an indi-
cator of the relative position of these coun-
tries, patent activities can be utilized. For 
an analysis, the patent databank INPA-
DOC (International Patent Documentation) 
was searched for the key-word fuel cell 
(and the corresponding German, French, 
Italian and Spanish terms), the year of reg-
istration and the country of origin (priority 
country). Most of the patent activities take 
place in the three countries already men-
tioned. This corresponds with the data 
from the Delphi 98 study that is briefly de-
scribed below, where the questioned ex-
perts saw the highest R&D levels as being 
in those three countries (FhG-ISI 1998).  












































































Datenquelle: International Patent Documentation (INPADOC) 
What is noticeable is that Japan started off 
quite early (at the beginning of the 1980s) 
with a large number of patent registrations 
that have remained at a high level since 
that time. In the USA, there has been a 
large rise in the number of patents since 
the mid-1990s; with a short time lapse 
Germany has also reached this very high 
level. The drop for the year 2001 might be 
explained with a time lag in updating the 
databank.  
The patent registrations in these three 
countries show a strong correlation to the 
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public expenditure for energy research. In 
the following illustration, the per capita 
public R&D expenditures for general en-
ergy research in Japan, the USA and 
Germany are listed, as well as the per 
capita funding for “Electric Power Conver-
sion” which includes inter alia the support 
for fuel cells.  
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Source: IEA Energy Technology R&D Statistics;  
Government Energy Technology R&D Budgets 
http://data.iea.org/wds53/wds/eng/main.html 
In Germany and the USA, relatively big 
sums were provided for in the area of elec-
tric power conversion up to about 1980. 
These were greatly reduced afterwards. In 
Germany, the research funding was even 
completely stopped in 1995. In compari-
son, in Japan substantial funds were put to 
use since about 1980. The USA and Ger-
many have reached a comparable level 
only since the mid-1990s.  
Barett (2002), in his patent analysis for the 
years 1999-2001, finds that 47% of the 
patents given out went to US organiza-
tions, 21% to German organizations and a 
further 16% to Japanese organizations. As 
another leading country, Canada is identi-
fied with 6% of the handed out patents. 
These results confirm that the USA, Japan 
and Germany are the leading countries in 
the research on fuel cell technologies; the 
US however has the highest share of pat-
ents. This may be explained with the 
choice of evaluated patent databanks. Ba-
rett, in his analysis, relates only to US pat-
ents and those of the World Intellectual 
Property Organisation (WIPO). The data-
bank INPADOC being used here, how-
ever, contains data of altogether 71 or-
ganizations that give out patents. 
Despite the considerable efforts in R&D of 
fuel cells, that can be read off the patent 
statistics, the introduction to a large scale 
market is according to a Delphi study of 
1998 not close at hand. For the item Solid 
Electrolyte Fuel Cells with a Performance 
Level of several 10 MW can be applied for 
Lead Markets for Fuel Cells in Stationary Applications 25 
regional CHPs as well as for decentralized 
electricity stations, the experts for chemis-
try and materials expect it as a mean in 
the year 2017, the experts for energy & 
natural resources, on the other hand, only 
in 2020. The expectations for CHP instal-
lations in homes are even further apart. 
Whereas the experts for energy & natural 
resources expect a broad distribution in 
the year 2020, the experts for construction 
& living already expect the practical use of 
fuel cells for the decentralized energy 
supply of homes in 2007. Combined high 
temperature fuel cell gas and steam tur-
bine power stations with efficiency factors 
of around 70% are on the market is ex-
pected as a median for the year 2015 
(FhG-ISI 1998).  
Stolten and Höhlein (2000) expect the 
market launch of fuel cells in 3-8 years, 
whereby first units for home energy sup-
ply, then busses, cars and, in the end, 
CHP installations are expected. The au-
thors expect a very slow market penetra-
tion that could take 10-20 years and will 
not totally replace conventional technol-
ogy.  
4.8 Comparison of Energy Prices  
The conditions for the use of fuel cells are 
better where electricity prices are high and 
gas prices are comparatively low. In the 
following graphics, the ratio of electricity 
and to gas prices in Japan, the USA and 
Germany are illustrated. In both illustra-
tions, electricity prices are those for indus-
trial use. Electricity prices for households 
are less relevant for CHP plants that are 
studied here.  
The falling electricity prices in all three 
countries lead to a worsening ratio of elec-
tricity to gas prices.  
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However, the picture changes when gas 
prices are operationalized in a different 
way. In the above graphic, the price for 
natural gas in industry is used, whereas in 
the graphic below the price is based on 
gas used to produce electricity.  
Depending on which gas price is used, 
country ranking changes substantially. 
Even though Japan shows higher prices in 
this market segment than Germany and 
the USA, the much higher electricity prices 
there lead to a much more favorable ratio 
for the purchase by industry.  
Even if one can assume the cheaper gas 
prices for energy generation with the in-
dustrial CHP using fuel cells, then the ratio 
between electricity and gas prices is the 
most favorable in Japan for the use of fuel 
cells. Germany and the USA are at about 
the same level. 














5 Summarized Assessment  
On the background of the pressing climate 
change and the efforts undertaken in 
many different countries as well as on the 
international level to reduce the emissions 
of CO2, fuel cells might appear as a tech-
nology that provides a substantial contri-
bution in this respect. Therefore, a world-
wide market can be expected for this 
technology. It has, however to compete 
not only with conventional energy tech-
nologies, but also with CHP technologies 
as well as those for the utilization of re-
newable energy. Up to now, the costs for 
fuel cells are not competitive. The analysis 
of the development and support activities 
in the most advanced countries reveals 
that there are still considerable efforts re-
quired until a large scale market introduc-
tion is possible. Up to now the applications 
are limited to niches or demonstration pro-
jects that require large subventions.  
It is not yet decided which of the innova-
tion designs will be successful among the 
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fuel cells and in competition with other 
technologies. There are advantages for 
high temperature fuel cells regarding the 
requirements on the fuel purity, the usable 
heat and the cost cutting potentials. How-
ever, PEM fuel cells are expected to be 
utilized for mobile applications, therefore 
learning and scale effects may be 
achieved earlier. It is hardly possible to lo-
cate regional differences in the stage of 
development of the different types among 
the countries. The USA are clearly ahead 
regarding PAFC fuel cells. Other devel-
opment activities are carried out by com-
panies that are active in several countries. 
E.g. Siemens-Westinghouse has roots in 
the US as well as in Europe, Daimler-
Chrysler is active in North America as well 
as in Europe through its subsidiary MTU. 
In general, however, Europe and particu-
larly Germany is less behind of the USA 
and Japan in respect of high temperature 
fuel cells.  
There are considerable differences regard-
ing the support for fuel cells in the coun-
tries under consideration. A comparison of 
the political measures undertaken and the 
framework that were identified to be impor-
tant for the introduction of fuel cells is 
listed in the following table. The coding 
reads like 1 is the most favorable situation 
compared to the other countries, and 3 the 
least favorable. If two countries have al-
most the same value, no 2 was given, that 
otherwise indicate a medium position.  
Table 2: Political measures in support of fuel cells 
 USA Germany Japan 
CHP support 2 1 3 
R&D support 1 3 1 
Long-term perspective 2 3 1 
Coherence/ Integration 1 3 1 
Safeguarding of market entry 2 1 3 
Internalisation of external costs 3 2 1 
 
The USA, Japan and Germany could be 
identified as the lead countries with re-
spect to research activities and the instal-
lation of the first demonstration units. The 
research activities depend heavily upon 
public funding. Market forces alone are still 
not sufficient in order to mobilize private 
capital for the development of fuel cells. 
Because of the considerable increase in 
R&D funding in the USA, in Japan, Ger-
many and the EU in the last few years it 
can be expected that the advantage of the 
three countries will continue to grow in the 
future. Within this group of countries, 
though, Germany has the lowest R&D 
budget at its disposal even if one takes the 
EU funds into consideration. Therefore the 
advantage of the USA, where currently the 
most important production locations of fuel 
cell stacks can be found, can be further in-
creased. The more favorable framework 
conditions, the higher R&D funding may 
explain that with regard to number and 
performance level of the installed demon-
stration units, the USA and Japan, are 
ahead of Germany as well. 
It is worth to mention the high level of co-
operation taking place between the differ-
ent government agencies in the USA. The 
programs to date are advertised, tendered 
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and administered by several departments. 
In Japan, the sponsorship is concentrated 
within the Ministry for Industry. In compari-
son, the supporting activities in Germany 
and the EU seem to be largely uncoordi-
nated. 
When it comes to the safeguarding of the 
market introduction of fuel cells, Germany 
can be ranked on the first place, due to its 
feed in tariffs in favor of fuel cells. Since 
fuel cells are still in the stage of develop-
ment, this instrument has no effects, yet. 
At best, it gives a long term signal for po-
tential investors in the fuel cell develop-
ment. The USA have had programs to 
subsidize the market introduction of fuel 
cells. By this grants it was possible to take 
over the leading role in the PAFC technol-
ogy. Furthermore, its recent initiative on 
the promotion of SOFC primarily aims at 
preparing the market introduction of this 
type. Japan seems to concentrate on R&D 
programs rather than on market introduc-
tion.  
The competitiveness of fuel cells is better 
compared to conventional technologies if 
the external costs of energy production are 
internalized. The degree of internalization 
can be indicated by the energy costs and 
– related to this – the strictness of envi-
ronmental policy. In this respect Japan has 
to be placed first, Germany second, while 
the USA is lagging the international trend 
in environmental and particularly in climate 
protection policies.  
Table 3: Framework conditions for fuel cells 
 USA Germany Japan 
Development Gas Price 1 2 3 
Development Electricity Price 3 2 1 
Relationship Gas/Electricity Price 3 3 1 
Significance of Decentralized Energy Supply 1 3 3 
Relationship Electricity/ Heat Use 2 1 3 
 
The effects of liberalization of energy mar-
kets vary among the studied countries. 
Generally, there is a decline in prices both 
for gas as well as for electricity. While low 
prices for the fuel are favorable for the in-
troduction of fuel cells, declining prices for 
electricity are an impediment. The ranking 
regarding the respective prices is shown in 
the table above. Beyond the differences in 
prices, the ratio between the prices for gas 
and electricity is of importance. The higher 
the difference is, the higher is the added 
value.  
As for all CHP technologies fuel cells de-
pend on the demand for decentralized en-
ergy supply as well as on the relationship 
between the demand for electricity and for 
heat. A higher demand for heat is advan-
tageous for CHP technologies.  
The conditions for the introduction of fuel 
cells depend directly on the general 
framework for CHP energy production. 
The ambitious European and German ob-
jective of doubling the share of CHP-
generated electricity could lead to the 
market conditions for fuel cells being im-
proved. However, this objective is not a 
binding commitment and up to now there 
is no directive issued. Furthermore, fuel 
cell technology is in competition with con-
ventional CHP installations in this respect. 
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The costs of the existing units, already 
marketed in small numbers, can not yet 
compete with conventional technology. In 
order to achieve learning and scaling ef-
fects, considerable public (co-)financing of 
the market introduction is necessary. The 
USA and Japan go to comparatively great 
lengths in subsidizing the costs for dem-
onstration installations. In Germany, be-
sides the investment subsidies, feed-in tar-
iffs for energy produced using fuel cells 
have been introduced recently. These are, 
however, not high enough to compensate 
for the higher investment costs of the fuel 
cell power generation. Mainly in the USA, 
demonstration installations in off-grid ar-
eas are being promoted. For these appli-
cations, higher costs are seen as being 
acceptable. With regard to public pro-
curement in the USA, it is mainly the mili-
tary sector that has come up with substan-
tial funds. A corresponding use and im-
plementation of niche applications in order 
to achieve learning and scaling effects 
isn’t being undertaken in Germany with the 
exceptions of fuel cells that are used for 
submarines.  
Expert questionnaires state that a market 
launch and gaining a substantial market 
share by the stationary fuel cells will only 
take place in 10-20 years. The securing of 
market success and the gaining of an ad-
vantage in international competition will 
depend on the experience and scaling ef-
fects gained by a step-by-step enlarge-
ment of niche applications during this time. 
The reduction of the current cost advan-
tages by tightening environmental regula-
tions for conventional power stations as 
well as lifting fuel prices would also be ad-
vantageous. In this respect, the strict 
Japanese standards are advantageous for 
the introduction of fuel cells. The strict en-
vironmental standards partly contribute to 
the high electricity price, therefore a more 
favorable electricity credit can be expected 
for fuel cells. 
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